Background/Objectives: Vitamin D levels are often observed to be low in Canadian youth, despite the mandatory fortification of fluid milk. We identified modifiable correlates of plasma vitamin D concentrations to inform public health efforts to remediate low-vitamin D status. Subjects/Methods: We recruited 159 children aged 8-11 years, who were at at high risk of obesity, non-systematically during different seasons. Vitamin D status was assessed by measuring plasma 25-hydroxyvitamin D (25(OH)D) using a radioimmunoassay. Dietary intake, including vitamin supplements, was measured using three dietitian-administered 24 h diet recalls. Fat mass was measured by dual energy X-ray absorptiometry. Accelerometers were worn for 7 days to estimate physical activity. Independent correlates of plasma 25(OH)D concentrations were identified using multiple regression in an analysis controlling for season of measurement.
Introduction
Vitamin D status has been associated with the attainment of peak bone mass (Heaney et al., 2000; Loud and Gordon, 2006) and glucose homeostasis (Chiu et al., 2004) , and is potentially protective of colorectal and breast cancer (Garland et al., 2006) . Although important for health, vitamin D deficiency and 25-hydroxyvitamin D (25(OH)D) levels o75 nmol/l are prevalent among Canadian youth (Roth et al., 2005; Mark et al., 2008) . Plasma vitamin D concentrations are lower in older youth, thus increasing the risk of vitamin D deficiency and insufficiency in this group (Roth et al., 2005; Weng et al., 2007) . In fact, more than 10% of 16-year-old adolescents in a representative sample of Québec youth had vitamin D deficiency ((25(OH)D p27.5 nmol/l) at the end of winter (Mark et al., 2008) .
In adults, the modifiable correlates of vitamin D status are intake of food and supplements containing vitamin D, sunlight exposure and adiposity. Little, however, is known about the correlates of vitamin D status in youth. Latitude of residence, which is associated with length of winter, is an important determinant of vitamin D status. During winter in Canada, ultraviolet B radiation is not of sufficient intensity to catalyze the cutaneous synthesis of vitamin D (Webb et al., 1988) , thus necessitating dietary intake of vitamin D to maintain adequate levels. The dietary intake of vitamin D needed to support bone health in individuals aged 9 years and older (25(OH)D levels X50 nmol/l) has recently been changed in North America, with the recommended dietary allowance set at 15 mcg (Institute of Medicine, 2010) . A number of vitamin D experts, however, have suggested that 25(OH)D levels 475 nmol/l might be optimal for cancer prevention (Bischoff-Ferrari et al., 2006; Gorham et al., 2007) . As vitamin D is fat soluble, excess adiposity sequesters vitamin D and is thought to be a risk factor for low vitamin D status (Parikh et al., 2004) . The association between excess body fat and lower plasma 25(OH)D concentrations, however, might be confounded by the negative association between weight status and physical activity (Patrick et al., 2004; Ness et al., 2007) . In adults, physical activity has been associated with higher vitamin D status in NHANES III (Scragg and Camargo, 2008) as well as in other studies in adults (Scragg et al., 1992; Scragg et al., 1995; Giovannucci et al., 2006) , but this has not been examined in youth.
Our aim is to describe the modifiable correlates of vitamin D status in youth; correlates investigated, included intake of vitamin D from foods and supplements, physical activity and adiposity. Identification of the independent correlates could inform public health actions by measuring the degree to which differences in these modifiable factors explain vitamin D status.
Materials and methods

Study population
The ethics review board of Sainte-Justine Hospital approved the study, and written informed assent and consent were obtained from the participants and their legal guardians, respectively. We studied the first 159 children aged 8-11 years recruited in the Québec Adipose and Lifestyle Investigation in Youth study. These children were at risk of obesity, because the recruitment criteria required that at least one biological parent had overall (body mass index (BMI) X30 kg/m 2 ) or central obesity (waist circumference 488 cm for women and 4102 cm for men). Participants were recruited between 2005 and 2007 through public or private primary schools using pamphlets distributed to children in grades 2-5 in schools located within 75 km of Montréal or Québec City, Québec, Canada (451N). The pamphlet invited parents to contact the study center if they met the inclusion criteria. Both parents had to be available for the study. For families that expressed interest, screening for eligibility was conducted in a structured telephone interview using preselection criteria. Criteria for children included: an absence of diabetes, no dieting, no regular medications and no psychological ailments. Recruitment into the study was limited to Caucasian families because of genetic analyses undertaken in the Québec Adipose and Lifestyle Investigation in Youth study. Parental education was categorized by completion of university degree (yes/no). For analysis, study participants were grouped according to the season during which they had blood drawn. As there were no differences in 25(OH)D concentrations among youth who had their blood drawn during the summer or fall, nor winter or spring, the four seasons were collapsed into two.
Assessment of vitamin D status
Plasma 25(OH)D concentration is widely recognized as the best indicator of vitamin D status (Holick, 2003) . We measured 25(OH)D concentration using a radioimmunoassay (IDS Laboratories, UK). This assay measures vitamin D3 and vitamin D2 with 100 and 75% specificity, respectively, (Immunodiagnostic Systems Ltd, 2005) . The lower specificity of the assay for vitamin D2 was not a concern, as in Canada milk and supplements contain vitamin D3 (Calvo et al., 2004) . Samples were assayed in duplicate. Our laboratory participates in the International Vitamin D External Quality Assessment Scheme on vitamin D metabolites and meets the performance target, set by the Advisory Panel for Data Analysis. The interassay coefficient of variations were 5.9 and 6.0% at 30.6 and 109.4 nmol/l, respectively.
Defining cutoffs for vitamin D status
Except for the pediatric vitamin D deficiency cutoff of p27.5 nmol/l, established by the Institute of Medicine to prevent rickets (Institute of Medicine, 1997) , there are no cutoffs for serum 25(OH)D levels identified with any functional health outcomes in children. We used three cutoffs to describe vitamin D status, hypovitaminosis, an optimal pediatric cutoff (50 nmol/l) proposed by the American Association of Pediatrics (Wagner, et al., 2008) and a proposed optimal 25(OH)D level for adults of 475 nmol/l (Bischoff-Ferrari et al., 2006) . We used p37.5 nmol/l to define hypovitaminosis, a value above which the Institute of Medicine states that 25(OH)D levels are consistent with bone health (Institute of Medicine, 1997) . Although there is no widely agreed upon cutoff for optimal levels of vitamin D levels, 25(OH)D levels 475 nmol/l are thought to be consistent with overall health and disease prevention in adults (Dawson-Hughes et al., 2005; Bischoff-Ferrari et al., 2006; Vieth et al., 2007) .
Anthropometry and dual energy X-ray absorptiometry Height was measured with a stadiometer with participants standing against a wall with their heads looking straight ahead. Height was recorded to the nearest millimeter during maximal inspiration. Weight was measured to the nearest 0.1 kg, with an electronic scale, with participants wearing light indoor clothing and no shoes. Body mass index was computed as weight (kg)/height (m 2 ). Age and sex percentiles for BMI were computed using a SAS program developed by the CDC, based on the 2000 US CDC growth charts (CDC Accessed, January 2007). Dual energy X-ray absorptiometry (DXA) (Prodigy Bone Densitometer System, DF þ 14664, GE Lunar Corporation, Madison, WI, USA) was used to assess fat mass, which was converted into a fat mass index by dividing fat mass by the square of height (m 2 ) (Wells and Cole, 2002) .
Physical activity assessment
To obtain objective measures of physical activity, children wore a uniaxial Actigraph LS 7164 activity monitor (Actigraph LLC, Pensacola, FL, USA) for a 7-day period following the visit to the clinic. These accelerometers have been validated in 9-year-old children with a correlation (r ¼ 0.54) between mean counts per min and activity-based energy expenditure assessed by doubly labeled water (Ekelund et al., 2002) . One-minute intervals of data were downloaded and categorized as light (X800 and o3199 counts per min), moderate (3200-8199 counts per min) or vigorous (48200 counts per min) activity. A total of 140 children provided accelerometer data. Days were excluded when the accelerometer was worn for less than 80% of the average time worn on the other days. Of the 140 youth with accelerometer data, 97% had more than 4 days of data, which has been shown to ensure adequate reliability (Trost et al., 2002) . In both sexes, the mean number of hours that the accelerometer was worn daily was 13.6 h.
Dietary assessment
Children's dietary assessment was based on three 24-h dietary recalls completed on non-consecutive, different days of the week including one weekend day. A dietitian obtained recalls following the visit to the clinic. To minimize the burden on families, recalls were conducted by telephone. At the visit to the clinic, the child was given a short-training session on the use of a graduated cup, bowl and other portion-size models. Each participant received a small disposable kit of food portion size models before the interview. Telephone interviews for the 24-h dietary recalls have been validated in youth with good results (Fox et al., 1992) . Cooking details for meals cooked at home were obtained from parents. Food groups were created for dairy, fruit and vegetable servings, following the Canadian Food Guide for Healthy Eating (Health Canada, 2007) . A food group was created for sweetened drinks, and units of a 250 ml serving size were reported. We also collected information on the use of dietary supplements, using the Drug Identification Number on each day of dietary recalls. The nutrient analysis of the food and supplement data were completed using the CANDAT software (Godin London Inc., London, Ontario, Canada), using food composition data obtained from the 2007b Canadian Nutrient File.
Statistical analysis
T-statistics and non-parametric statistics were used to test for differences between sexes in non-normally distributed variables. In Table 2 , we used multiple linear regression to examine the independent correlates of 25(OH)D. As plasma 25(OH)D was not normally distributed, we conducted a sensitivity analysis to test the robustness of the findings from Table 2 by natural log-transforming plasma 25(OH)D values and using this as the dependent variable in multiple linear regression. To compare multiple aspects of diet quality according to the plasma concentration of 25(OH)D, we stratified participants according to the lowest and upper three quartiles of 25(OH)D, specific for each season. T-statistics were used to test for differences between these two categories of 25(OH)D. We used logistic regression to test whether youth were meeting adiposity and physical activity guidelines using season-specific quartiles of 25(OH)D as the independent variable. All statistical analyses were conducted using SAS version 9.1 (SAS Institute, Inc., Cary, NC, USA).
Results
Characteristics of the study participants are presented in Table 1 . There was a high prevalence of youth X85th percentile of BMI (42%) in this study population. We stratified youth sampled in winter/spring and summer/fall, as there were no differences in 25(OH)D status within these categories. Participants sampled in winter/spring had, on average, 8.6 nmol/l lower plasma 25(OH)D levels than participants sampled in the summer/fall. Only 8% of participants had 25(OH)D levels 475 nmol/l in the summer and fall when vitamin D levels are at their zenith. The range of dietary vitamin D intakes, including supplements, for both sexes was 0.5-25 mcg/day while the mean and median were 6.6 mcg/day and 5.6 mcg/day, respectively. The mean daily vitamin D intake as supplements in users (N ¼ 32) was 5.1 mcg/day, suggesting youth took vitamin D supplements, which usually contain 10 mcg/day of vitamin D3, irregularly. The total vitamin D intake of supplement users was 8.0 vs 5.2 mcg/day for non-vitamin D supplement users, respectively (Po0.0001). After adjusting for season, however, there was no difference in plasma 25(OH)D between supplement users and non-users (P ¼ 0.374).
In Table 2 , we present correlates of plasma 25(OH)D status. Season was the strongest correlate of plasma 25(OH)D concentrations, therefore all associations between 25(OH)D and the other potential correlates were examined after adjustment for the season of blood draw. In bivariable models, after controlling for season, physical activity, fat mass, milk intake and dietary calcium intake were all associated with 25(OH)D concentrations. In a multivariable linear regression analysis, including season, physical activity, sex, fat mass and milk intake, a serving more of milk intake was associated with a 2.9 nmol/l higher mean level of plasma 25(OH)D. Similarly, a 1 s.d. higher level of physical activity was associated with 2.1 nmol/l higher mean plasma 25(OH)D value. Physical activity accounted for 3% of the variance in 25(OH)D after accounting for sex and season. The results of the sensitivity analysis using log-transformed 25(OH)D status were analogous to regression results presented in Table 2 . We included only milk intake in the multivariable model, as milk was strongly correlated with dietary vitamin D (r ¼ 0.62 (Po0.0001)) and calcium ((r ¼ 0.83 (Po0.0001)) intakes.
We compared diet, physical activity cutoffs and prevalence of overweight or obesity among participants in the Correlates of Vitamin D status in youth S Mark et al season-specific lowest quartile of 25(OH)D and those in the upper three quartiles to see whether any other lifestyle habits were linked to low vitamin D status (Table 3) . Those in the lowest quartile of 25(OH)D concentrations had lower dietary fiber intake and a trend toward less milk and calcium intake. There was a higher proportion, though a nonsignificant trend, of youth meeting guidelines for steps/day (Vincent et al., 2003) and moderate-to-vigorous physical activity (Pate et al., 2006) in the three highest season-specific quartiles of 25(OH)D.
Discussion
Our study of the correlates of vitamin D status showed that milk consumption and levels of physical activity, assessed by accelerometer, were associated with vitamin D status. At a mean intake level of 6.6 mcg, the vast majority of youth had vitamin D levels o75 nmol/l, although none of youth had clinically confirmed rickets. Thus, the sizes of the measured effects are most likely insufficient to achieve vitamin D status above 75 nmol/l in Québec youth. Similar to other studies (Scragg et al., 1992 (Scragg et al., , 1995 Giovannucci et al., 2006) , we found that physical activity, some of it likely occurring outdoors, was associated with vitamin D status. The magnitude of change in physical activity required to meaningfully increase vitamin D levels, however, is large. For example, in Québec Adipose and Lifestyle Investigation in Youth Study, 1-s.d. increase in accelerometer-measured physical activity was associated with a 2.1 nmol/l increase in mean 25(OH)D. In a study of adults from NHANES III, participants who undertook daily outdoor activity X31 times per month had approximately 10 nmol/l higher levels of vitamin D compared with those who reported no outdoor activity in the last month (Scragg and Camargo, 2008) .
Adiposity was not related to vitamin D levels even though we had a wide range of adiposity levels to examine this issue, and we measured fat levels by DXA. In a representative sample of Québec youth, BMI was negatively associated with vitamin D levels in girls, but not in boys, such that a s.d. increase in BMI Z-score was associated with a 1.7 nmol/l lower level of plasma 25(OH)D (Mark et al., 2008) . In a study of youth in southeastern USA (331N), greater adiposity, assessed by DXA, was also associated with lower 25(OH)D levels (Dong et al., 2010) . In a study of youth from northeastern USA, however, adiposity measured by DXA was not associated with vitamin D levels (Weng et al., 2007) . Higher levels of adiposity are associated with lower levels of physical activity (Ness et al., 2007) , potentially confounding the adiposity and 25(OH)D relationship. Consistent with this, in our study adiposity was significantly related to 25(OH)D in bivariable analysis, which included season, but when physical activity, assessed by accelerometer, was entered into the regression, adiposity was no longer associated with 25(OH)D levels.
In multivariable regression, a serving of vitamin D-fortified milk was associated with 2.9 nmol/l higher levels of vitamin D. In Canada, a 250 ml serving of milk is legislated to contain 2.5 mcg/day of vitamin D (Calvo et al., 2004) . Increasing milk consumption among Canadian youth, as a means of increasing vitamin D levels, would require major shifts in the consumption of milk. Levels of vitamin D in fortified milk would have to be considerably Recommendations are 11 000 steps/day for girls and 12 000 steps/day for boys (Vincent, et al., 2003) . b Moderate-to-vigorous physical activity guidelines are greater than 60 min/day for youth of both sexes (Pate et al., 2006) . Youth in the lowest season-specific quartile of vitamin D levels had similar diets as youth in the upper quartiles with the exception of dietary fiber. Despite the difference in dietary fiber intake, fruit and vegetable intake was not different between the two groups and was below the six servings recommended for this age group by Canada's Food Guide for Healthy Eating. Similarly dairy consumption was below the 3-4 servings recommended by the Canada's Food Guide for Healthy Eating (Health Canada, 2007) in all groups.
This study has a number of limitations. Youth in the Québec Adipose and Lifestyle Investigation in Youth study were not representative of Québec youth as they had a higher prevalence of overweight and obesity. They did, however, have very similar levels of plasma 25(OH)D as compared with a representative sample of 9 year olds from Québec. Physical activity was not likely a strong proxy for sun exposure as much of the physical activity would have taken place indoors or in winter (Sallis et al., 2000 , Cleland et al., 2008 . Consistent with this, physical activity explained only 3% of the variance in 25(OH)D levels after accounting for season of blood draw and sex. Our study, however, allowed for the measurement of adipose tissue with DXA, objective measurement of physical activity and good quantitative dietary assessment.
Vitamin D levels are low in many Canadian youth, even in the summer months (Langlois et al., 2010) . We found that vitamin D intakes were below current recommendations while 45% of youth had 25(OH)D levels below 50 nmol/L; levels of vitamin D which the IOM considers optimal for bone health (Institute of Medicine, 2010). We believe that it is unlikely that increasing milk consumption or increasing (outdoor) physical activity would increase vitamin D status sufficiently to achieve 25(OH)D levels 450 nmol/l in Canadian youth who have low vitamin D status.
